





Fig. 2 System Architecture. :

is a scaling factor for the force while ) is the transform from expert to follower

coordinates, obtained from the mesh. The force feedback (dotted lines) has not yet been implemented.

peer connection over UDP between the expert and fol-
lower, thus removing server-related delays. Any dropped
packets are quickly replaced with new information, and
local consistency checks are in place, so the higher
speeds of UDP are preferable to the reliability of TCP.
An implementation of this system is in place, and in
collaboration with Rogers Communications, a Canadian
telecommunications company, the communication is set
up to run over the 5G radio access network (RAN). The
5G network holds promise for achieving the required
bandwidth and latency, and this will be tested using
the sub-6Ghz and mm-wave bands. Latency results from
initial tests with WebRTC are presented for comparison
to the WebSocket-based communication.

RESULTS

Our latency tests on the WebSocket implementation
showed on average 11.4 ms delay for pose and force
transmission. In contrast, the preliminary WebRTC im-
plementation has delays of only 5.4 ms on average for
the same local network and it can run over the Internet.
In addition, the latency of the MR capture over WebRTC
is 160ms whereas with Windows Device Portal it was
found to be 4 seconds, and with ROS it was infeasibly
slow. The mean end-to-end teleoperation latency was
measured through two trials to be 270 ms, with mean
error in pose tracking of 7 mm and 6 .

While no patient tests have yet been carried out with the
WebRTC implementation, our WebSocket results show
average time taken to complete the procedures to be 65
seconds for direct US, 214 seconds for verbal guidance,
and 73 seconds for Human Teleoperation. The average
measurement error compared to direct US was 6 mm for
verbal guidance and 3 mm for Human Teleoperation.

DISCUSSION

The teleoperation latency is greater than that of any
of the data channels individually because it is limited
by the response time of the human follower. However,
the latency of 270 ms is permissible even for haptic
feedback without greatly degrading the user experience.

Additionally, the new WebRTC implementation is shown
to be much faster and more appropriate for teleultra-
sound at large distances. The e [eckiveness of the concept
is shown most clearly in the patient tests, where it
greatly outperformed verbal teleguidance in e LCciehcy
and precision. These tests were preliminary and had
a small sample size, but nonetheless revealed a clear
di Cerknce between methods. No quantitative comparison
to robotic teleoperation has yet been made, but the
benefits of this system compared to robotics lie in cost,
ease of deployment, acceptance in communities, and
flexibility.

Ongoing and future work includes utilizing 5G to per-
form remote tests, exploring how to improve the human-
computer interaction, and investigating reinforcement
learning for autonomous US guidance. We also plan
on integrating force sensing on an US probe to allow
the study of stable and transparent force reflection in
bilateral teleoperation under time delays imposed by the
human response time.
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